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1. INTERLOR- BALLISTICS QF ‘THE ROCKET AIRCRATT
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The concept of the effective eJection velocity of a
rocket engine 1is explained and, the. magnitude of. the.at—
tainable ejection velocity theoretically and experimen—
rally investigated. Velocities above 3000 meters per sec—
ond (6700 mph) are actually measured and the poeeibilitiee
of further lncreases shown. ) . .
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‘1. Fotation"

C.a velocity of “ssund-in proﬂtlaion (m/e:-
c 8 jJectidn velocity (effective) of the propuleion
gas (m/s) : .

Cnm muggle veloclty of the propulsion gas (m/e)

Cmax theoretical limlting value of the ejJection. velocity

(n/s)
Cmol RMean value of ‘the ‘translatory molecular velocity (m/s)

¢y Flow velocixty -of ‘the propulsion gas at any point of
of the nozzle (m/e) ) .

y gpecific heat at constant velume of the propuleion
gas (cal/kg) 1r . e

€p specific heat at conetant preeeure ‘of the propuleinn
gas (cal/kg)

a! diameter at throat of nozzle (m)

dp dlameter at mouth of nonzsle (m)

" a

*"Nevere Ergedbnisse der Raketenflugtechnik " ., Flug, Sonder—
huft 1, Dec. 1934. - .-

2a = e
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numﬁer'offéegfeéh'Bf'fréadgﬁ Efiafga; molecule
nozsle area at. mouth (ha)“" DERNEETE R
acceleration of gravity. (m/sa)

mass (kg 823/m) _

preéiufe'of fh;:p;opulsioﬁ:g;;'(Eg/mf)“

pregsure of .the propulsion gaa.at=mbuth of nozzle_
(kg/m=)

alg'presaure-in-vicin;t&;of';bzzle ékg/ma)
time (s)

flight velocity (m/s)

mechanical equivalent of heat (1/427 cal/gg)_

heat content of propulsion gae (cal/kg) qf momentum (kgs)

‘{nitial heat content of p}opulsion ges (cal/kg)

rocket thrust-(pffeotiy?).(kg)

free rocket thrust-(kg)

gas constant - (m/deg)

abaolute propulsion gas'temgerature (deg)

absolute initia.l temperature of tha ‘propulsion gas (deg)

absolute propulsion gas tempePature at any point of the
nozzle (deg) :

abhsglute temperature of: praepuleion gas at meuth of’
nozzle (deg)

internal energy of the -propulsion gae (cal/kg)

specific volume of ‘the propulsion gas (mB/kg)\

“air resiét#ﬁca (kg)f

ratio of specific heats at constant pressure and con—
stant volume

——



the large work of compression regquired.

NACA -Technical:Memorandum Ne. 1012 3

ng - no:sle efficiendy - (°/°mwx) ' Lol

“m- utility coofficfent (dlemaxL .i . *

Pm density of propulsion .2as. At mouth (hgs“/m

s

22 Gsnorsl

_ The required propulsivo force of airplanes is at
present obtained exc¢lusivély by the reaction force of the
air masses which are -given & backward acceleration by the
propeller (fig. 1). At high flight velocitles approach—
ing the velocity of sound this process encounters funda-
mental difficulties.. These are assocated principelly witl
the lowered efficlency of the propeller rotating at high
speed, the high mechanlocal astresses of the propéller, and
the greatly increased air forces and weights: of the power
plant associated vith the high flight speed.

It has therofore been proposed to obtain the propul-
gsive force as the reaction force. of .gas masseg which, aB
in the case of rockets, are.first compressed in-a chamber
and being ejected backward issue - from the lakter with
high velocity under the action of the excess pressure
(fig. 2). The exceses pressure is .generated. by . the com—
bustion of fuels as .with the conventional.combustion en—
gine;. (The bnrnt .fuel gases constitute .the propulsion.
gas. o . : . .o

The undesirably large air forces which increase with
the velocity are decreased in part through shaeping the
airecraft to suilt the peculiar characteristies of super—
sonic flow but mainly threugh .the use of .correspondingly
high flight altitudes at which, because of the decreasing
air density, the air forces are kept within desired.limilte
in splte of the increased flight velocity.

The oxygen required for the combustion cannot be
obtained practically from the rarified atmoephere at high
altitude, but must be carried alesng in the airplane. 1In
this way the power plant i1g at the same time relieved of

comparison of figuree 1 and 2 eHows ' that the propul—
sive propeller jet 1i®s - in the case of ths rocket aircraft
replaced by a propulsive fuel'gas JSet. threas, however,
with propeller propulsion the process of the é&onversion
of the latent ‘energy of the fuel into thé Kinetic energy
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of tho propeller slipstroam:involvoe many lossos leading

to a complicated,.sonsit;ver'and hoavy mechanism, the same

transition from the heating valte..of the:fuel to the ki-—

netic energy of the burnt gas in the mese of the rocket

is direct and effective, 'The fuel and liguid -oxygen are

supplied by a pump dlrectly into a high-pressure combustiozn

chamber hwere they comdbine and flow out with extremely

high veloclty through a nozzle., The back pressure of this

steady exhaust gas Jet propels the aircraft without any

additional means. Ih- thie -manner the possibilities of,

disturbances are-very much reduced, ths motor efficiency

becomes very high, and-the structural weight'per unit of

output 1is extremely small. . . | . ,
- The rocket mot or occupiea apnrozimatelr a midposition

between the con¥entional" airplane engine which can deliver

a few hundred horsepower  for many days and a proJectile

which gives an output' of many millions of horsepower over

a fraction of a socond, The rocket motor capable of flight

will thus give, for example, an output of 100,000 horsepower

over a period of 15 to 30 minutes and will weigh less than

l gran per horsepover., As in the case of the gun projectile

1t 1s provided with the requlred oxygen and 1s thus inde—

pendent of the flight altitude.

The supply of the requiréd quantities of oxygen to
the combustion chamber from the free atmosphere at very
high altitudes against pressures of probably 100 atmos—
pheres and in the short time intervals aveilable i1s a prod—
lem quite unsolvable structurally. Hence the compression
to the highest posslible degree, namely, to the liquid.form,
must be carried out on the ground and the llquid oxygen .
taken along on the aircraft., The carrylng along of large
quantities on board the aircraft, together with the very
large fuel consumption, say, of a 100,000-horsepaower motor
roquires that tho extremely large propulsion forces of the
rocket fuel supply 1s soon exhausted,

The structural difficulties. in the manufacturo of
rocket motors resomble to somo oxtont thoso of the gas
turbinoc. Although no moving parts 1n tho fuol Jot aroc en—
countered and the_ efficiency rclations are entirely dif—
ferent, the fact that theo cooling of the walls of tho com—
bustion chamber of the -rocket motor -can be much less ener-—
gotlc than in the case of the airplane engine is a struc—
turally unfavorable- circumstance to be taken into account.
At the higher flight speeds the heatling-due to dynamlc
pressure and frictlon of the alr streaming past the air—
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craft — at small altitudes about AT = v2/2000° ¢)* —
makes ‘return cooling impossible, so that only thoe fuol
1tself can bo-used-fwer..cooling the walle of the combus—
tion chamber. Tho hoat capacity of the fuel "pormits,  --
howover, a hoat conduction to the cooling modium of at
most about 6 percent of the heating valuo as comparod
with 20 to 30 percent for the convontional airplanec en—
glno, Thero is furthermore to be considered the txtreme—
ly high propulsion gas temperature in tho combdustion,

for example, of fuel with pure oxygen without inert gases.
On the other hand, the rocket motor permits much greater
freedom in the choice of structural material so that 1ts
constructlon is fundamentally possidle,

3. Consequences of the Principle of Conservation
of Momentum

Tho outside surface of the rocket aircraft is acted
upon by air pressures the distribution of which deponds
upon the state of motlon of the airplane ard in every case
they give & componont, namely, a drag ¥, directed oppo—
site to tho line of flight., The ges prossureos over the
entire surface of the rocket combustion chember give a
total force in the direction of motlon of the aircraft,
namely, a rocket thrust P. Neglocting all othor forces,
if tho forces W and P areo ocqual,the sircraft will be
be in a steady state of motion: if theoy arce unoqual the
alrcraft wlll be accoloratod or retarded,

Tho dotermination of tho air pressure distribution
ovor tho aircraft 1s a problom of the aorodynamics of tho
rocket alrplano, Tho dotormination of the combustion gas
pressures in tho rocket combustion chambor 1s a problem
of tho interior ballistics of the rockot alrplano and tho
subjJect of our presont considorations,

Thoe resultant of the combustion gas prossures in tho
direction of the axis of the rocket can bo obtalned in
the most simple way with tho eld of tho principle of mo—
mentum, It 1is assumced that the flow of tho Jot is stoady
so that the rocket 1is propelled at constant prossure.
Furthermore, in tho investigation of tho gas flow in the
nozzle tho acccleration of tho alrplane 1s neglocted as
comparod with that of tho gasos. Thoro is also negleoctod
the momontum of the frosh fuel onteoring the combustion
chamber and tho combustion gas mass is surrounded by.a
"control surfaco" as customary in flow dynamics, This
surface 1s shown dottod in figure 5.

*See pp. 139 and 142 of reference 1.
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The rate of change of the momentum must.-be equal to
the forces acting on the bounded comdbustlon gas mass,
This change with time occurs only through the part of
the control surface f,, the area of the mounth of the
nogzle "

ar fat = cp dm/dt
The sum of all the pressures of the combustion gases
on the walls is denoted by

P==/1pdf

For reasons of symmetry its line of actlion colincides with
that of the rocket axls opposite to the flight direction..

Furthermore, the bounded gas mass is acted upon by
the external force p, fp. Hence

Cm dn/dt = P ~ pufp
and

P=cy dm/dt + p (1)
The effective thrust P of the rocket — that is, the re—
sultant of the gas pressures on the combustion chamber
walls — is therefore oequal to the momentum of the accel-—
erated gas flow through the nozzle mouth lncreased by the -
product of the mouth area by the pressure of the combus—
tion gases, The same rule cen also be derived by assuming
a definite flow through the nozzle (for example, liguid
flow, adiabatic gas flow, 1sothermal flow, otc.,) and in—
tegrating tho prossures on the wall, as was done for
adiabatic flow, for oxample, by Esnault—Poltorie (reference

2)a

The pressures of the combustion gases on the walls
of tho combustion chambor are therefore tho equivalont of
an offoctive momentum of the rapidly escaping mass n
of oxhaust gasos whilch 1s greater than tho momentum at
tho nozzle mouth and corrcsponds to the effective thrust:

P =c dn/dt (2)

whore the "offectivoe ejection velocity" .e¢ - is greatecr
than the muzzle velocity of tho propulsion gases in tho
nogzle ] .

c =P &tfdm = cp + ppfy 4t/dm (3)
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The velocity "¢ 1e tho ‘most Important magnitudo of tho

.intnxior_yallietice ‘of 'tK8 .rocket . airptane and_funiemenf

tal for: all performdRoeé “cdnsiderations- of-pocikotd and. -
rocket airplane motores In contrast.to the internal . eﬂ—

“ficiency It représénts ‘an ‘absolute :coefficiaent -gince it

does not refér to & defimite ‘fuel.. It :conngots the in— :

.terior and éxterior ‘Wallistics. of -roeket flight.:in that -

it is the énd Fesult - and obJfect qf. sll-interier baXlis—
tics processes and 1ldg: at the'badis of the*extqrior bal—

‘tistice ‘processes. = - ... WLt el

According to the invéstigationé of “the-author -the

‘ reelizaticn of etretoe iHiére communisatfon with roéket - .

aircraff over the oceans 1is ‘téchiisally feasible:on at-—-
taining an eJection velocity of 3700 metere per eecond
(azso mph). "

' r L e . , L

‘According to- the well—known German- ballietice author—
ity, Profedsor Cranz, with an’ ejection vélocity of 4000

‘"méters per second (8950 mph) the ehooting of a- crewleee

rocket to the mdon is withiza the'’ range o technical pos—
sibility (reference 3)., The effective eJection velocity
thus lies at the basis of the interior ball tics inves—
tlgations presented here. . ‘ i
According to the foregoing relation, the effbctive
ejectlon wvelocity ¢ depdends only on the, reletione in
the rocket but not on the condltions of the eurrounding
atmosthere or. on the conditions of motion of the rocket,
This fact also follows directly fror. the fundamenthl prop—
erties of the supersonic flow — the only flow "of signifi—
cance in the .rocket noszle — mccording to which the pres—
sure distribution in the nozgzle 1s entirsely independent

. of the downstream relations outside ‘the nozzle._ The ef—

fective ejection velocity is equivalent to only this pres—

sure distribution._

.. The-queetion now arieee whether the effective eJec—
tion veloailty ¢, - which is prectically elwayp greater’’
than any actually occurring flow velocity in the mnozzle,
¥s- to ‘be ‘considered as a true .gas welocity or. simply as a
purely computatlonal: magnitude. ¥hile the processes up

" to the mouth of the nqzzle,; 'as greviouely mentioned, are

éntiraly independent of the e;ternal preesure,“the flow
processes .oubside of the nozzle ‘dopend: very much on the
external pressures.. If tthe external pressure p ds. .
equal-to the.pressure at the moutk p,, the flow velocity
of the combustion-gases.outside of the.nozgzle does not
increase beyond the muzzle veloclty cp, the effoctive
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belobity ¢ actually novhere -occurs as a true velocity,
If p, 1= emaller -than:.the muzsle- pressure. p,, the
escaping jet diverges under .a certain angle and the flow
velocities of the gas masges become greater -than cp,
these large velocities being no. longer directed parallel,-
Finally, 1f the external pressure 1s equal %o zero the
flow velocity of the completely scattered jet is equal -to
the limiting value c¢p,y &given by the complete conversgion
of the heat content 1:%0 the kinetic energy of directed
flow.. The flow velocity Cpax 18 then greater than ¢.

From the above it is to be concluded that for a
quite definite external pressure a true gas flow velocity
of the magnitude ¢ c¢an arise which generally has nothlng
to do with the actual gas veloclty. Since the effective
ejectlon velocity ¢ does not depend on the relations
putside the nozzle,the true gas velocit}es outside the
nogzle may, depending on the external pressure, be smaller,
equal to, or greater than the effective velocity,. The
cooling and expansion of the combustion gases outside the
mouth of the nozzle 18 therefore of no effect on the ef-—
fective rocket thrust,-

A certain exception to this law océurs if the muzzle
presgure Py 18 considerably higher than the external
pressure p, 80 that the escaping gases strongly diverge,
ag in the case of firearms, and gather at the forward
gide of the nozzle. In this manner there arises under
certain conditions an appreciable additional thrust on
this forward area of the nozzle. This fact also contridb—
utes to an expidnation of the relatively favorable effi-
ciency of nozzlese with small divergences.

In what follows in spaaking of the ejection velocity
the effective velocity c¢ explained above will be meant.

The effective thrust P = ¢ dm/dt of the rocket 1ig
elways partially counteracted by the pressures of the ex—
termnal alr,: In steady flight of the rocket airplane the
air resistance W 1is exactly equal_to'the thrust P..

- In accelerated flight or at gtandstill only a part
of the thrust 1s balanced by the alr pressures while the
remainder as "free thrust" is avallable for accelerating
the airplane or as a measurable force at standstill, The
thrust P' measured at standstlll of a -rocket is there—
.fore always smaller than its effective thrust ‘P by the
4roduct of the preesure of the air at rest and the ef-

fective mouth area fm of tha_no:zle:
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=1~ s

P'=P-pafy=oc dm/at — Pa.fm = op dm/dt+ £ (py— Pa) (4)

The effective thrust thus ohtained from the meaaured Iree
thrust ‘s therefore

PxP'+opy fy ' (5)

and the effective velocity is similarly obtained from the
free thrust as -

c = P dt/dn = P' dt/dm + p,f, dt/dm - (8)

If the gas in the mouth of the noxzle expanda up to the
external air pressure then the measured thrust is equal
to the change of momentum of the combustion gases in the
nozzle month

P' = o, dm/dt
or
¢ = cp + pafy dt/dm (7)

If the divergence of the nozzle 1s so large that ex—
panslon can teke place below the external ailr pressure,
the flow of the combustion gases separates from the nox-—
zle wall approximately on attaining the external air
pressure, that 1e, in the effective nozzle mouth cross
section. Up to this point the nozzle behaves like one
with proper divergence., After the geparation oscilla-
tion phenomene arise 1n the separated gas flow that lead
to losses.

If the expansion is not down to the external air
pressure, a part of the otherwise useful heat content of
the combustion gas 18 lost without production of thrust
sinece wlith increasing expansion of the gases 1in the noz-
zle the momentum increases more rapidly than the product
of the mouth pressure by the mouth area decreases.

If in the neighborhood of the rocket at rest or im
motion with subsonic speed the.air is carried along by
mixing with the escaping exhaust gases, this accelara—
tion of the surrounding ailr produces a decrease in. the
pressure with which may be associated a change of the
free thrust P', bdut not of the effective thrust:

P' = ¢ dmfdt — p, £,
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For the rodket-maving with supersonic velaclity, this
affect on the thrust of the gases already eJjected is no
longer poesible because of the preperties of the super-—
‘sonie flo,w_-.- s A ST . T . -

If a given rocket is driven steadily imn an outer
atmosphere of a density varying with time, the effective
thrust 1s naturally constant while the free thrust variles
with the denslty of the surrounding atmoephere, increas-
ing with the lowering of the outside pressure, as 18 .geen
from the above equation.

The above examples show that the introductinn of the
concept of "effective thrust" 1s necessary for the -clear
discuseion -ef the propulesive force and air -resistance,.
It 1s to be remarked, however, that with this method of
treatment an air resistance must be ascribed even to the
airplane at rest with engine running, the resistance be-—
ing equal to the product of the pressure of the external
alr at rest by the effective area of the nozzle mouth.

4. Limites of the Ejection Veloecity

As has already been shown, the ejection velocity is
the factor of chief importance for the performance of a
rocket moter. The maximum possible directed flew velocity
of a gas is obtained at complete cooling and exvansion of
the latter from the energy egquatimsn for known inltial heat
content:

Cnax =V 2g J /& (8)
. '_ o (l-\-\\‘._ .

Asguming, for example, the heat content of the combustion
products of a gas oil — oxygen fuel equal to about 1,05 X
108 kgn/kg, a limiting value of the ejection velocity

for -these gases of cCpgy = 4570 m/e (10,000 mph) would be

obtained. There are known to exist, however, techrnically
contrallable chemicel reactions of energy concentrations
that cnrrespond . to a value of’ cpgy up to about 7000 n/s

(15,600 mph) irrespective of the reactions of atomic” hy-
drogen which are as yet not evdaluated. These figures so
far execeed the usual valuég for ther velocities of motion
and even the veloclty of "heat motion of ' the gas molecules
that it is not out of place here to give.an explanation
based an gas kinetics theory. ) '
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According to Boltzmann -there 18 associated with each
. degree of freedom-of the: mélecular mdtioh*»¥-a kilogram
of 1dea1 gau kinetic. enérgy “in eal of amaunt

T

- =,1/3-ART T © (s)

..-.-
H o

The total kinetic enargy of the threo tegrees o{ treedom

3-33=3/3 ART (10)

' Gages of more thap one atom possess in addition to the

translatory also totatiénal degrees of freedom; for dia~
tomic gases. f = 5. and for gaseés with three or more '
atoms f = 6, -~ ] -
. . N
The internal enargy of the gas, which includes the
kinetic energies of all translations, rotations,and other

degrees of freedom but not interatomic energy is
U =fcv dt = £/2 ART (11)

For a given state p,V every gas contains, in addition
to the internal energy U the expansion energy ApY =

ART +which, according to (9), corresponds to two further
degrees of freedom, so that. the heat content J = U+ADYV.

‘becomes

J =_f cp 4T = (fl + 2)/2 ART . “-(12)

The meaﬁ value of the translatory molecular velocity
Cmol 18 obtained in the usual manner with the aid of

equation. (10): S S

D
e

" e®po1l2e = B/A; Cpol =V 3&RT (13)

The limiting velue of the directed flow velocity after
complete expansion and cooling, T — O (the total heat
content - being converted into the energy of directed
motion) 1is according to (8) and (12):

camnlzg = J/A; Cyayx = J(e + a)gnm ' (14)

>
.

From. the comparison of the factors 3 and (f + 2) .
of the last.two equations 1t 1z seen that for a flow 1n—
to a vacuum: .. .

l. The energles of all dag;qes of f;eedpm above 3,
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that 1s,. the: enengien: of" rotation: and. other
- degrees-. nf-freeflym, if there,are such are alsc
" ‘eonvsrted’ int.d’ the:ensrgy- of. directei weloclty
as may also be expected for the cooling of a
gas, according: tp the Boltzmann law of equal
partition of the energiee.

2 The energy of expeneion ApI 1}3& = 28. ia alan
converted into directed velocity as muet like~
wise be expected in-cooling the gas down to
absolute zero temperaturef

Setting, as ueual K=cofe, = (£.+ 2){f for the
varticular case of zero- externzl pressure, equation (14)
passes over into the famlliar Zeuner formula:

= Ja2g Jolb:= Jan/(e—1).gr7 - (15)

Cmax

where K = 5/3 for monatomic, 7/5 for diatomic, and’
8/6 for triatomic gases..

This limlting value of the ejection velocity' Cnax =
J@KL(K- 1) gRT of & rocket motor thus cobneiderably ex—

ceeds both the veloclty of sound a =JMgBT and the mean
value of the translatory molecular veloclty opqe1 =

~3gRT. This fact is practically also confirmed by the
velocity measurements of gunpowder gases 1n eescaping from
the muzzle of heavy guns of small elevation where values
of. 2000 meters per second (4500 mph) were confirmed (ref—
erence 4) in the expanded gas, that 1s, outside the muz—
£le, and also more recently in the sunersonic wind tun-—
nels of various countries where, for air at normal tem--
perature, the value c¢p,, = 765 meters per second (1700

mph) is approached.

‘It 18 to be noted finally that .in the theoretical
limiting case of an expaneion in the nozzle down to gzero
external pressure the effective velocity agreeg with
the actual velocity of motien cpyy Of the molecules

since the back pressure at “the -mputh has become zero and
no further expansion takes place outside the mouth. These
limiting velocities cannot actually be utiliged completely
for ‘the rocket thruet sinde they cdrreepond to infinitely
large nozzle mouth areas. It 1d tHerefore very important
to know how closely, by means of practically constructable
nozzles mounted on.the airgraft, the effective.ejectlon
veloclty ¢ can be made to approach the Iimiting value

cmaz.

~
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5. Adiqbatle Flow of. l}eebe& Gasges. .
Tt A numertvab eetfmete ef tte @elatione under the ae—
sumption, for .example,. of. perfenxly ediabat;p.flew of
ideal gases 1s possible. In this case theres is epplicable

the known relatibn .
ex = Opax¥l — Tyx/To - .

The effective eJeetion velocity-then becomes accord—
1ng to equation (3) _ . .

e T ..
nt Po/Ppcp = °max"£ - '!l'm/EI?o (1 + = ‘1 T -mQT/T > (169

- -

and the required ratio of the effective to mazimum eJec—
tion velocity, that ig, the 'utiliby coeffieient“ bf the
noegle: ig . R
: —_— K — 1. :f /T- N _
Mp = c/ema.x'_' 1—Tm/To (1"' ——— -2 (17)
2k 1 —1,/7 7

‘The coefficient is at the same time the ratio of the:

thrust obtained to the maximum obtainable thrust for the
glven fuel consumption. Its square is the "internal
efficiency" Ng of the rocket nnzzle.

Plotting- n, against the nozzle. diyergence ratlo
&m/ﬁ'; there 1s obtained figure 6. It may be seen that

.even with very small divergence ratlos the effective ejec—

tion veloclty already guite closely approaches the theo—
retical limiting value; for d /d' =3, for example, the
value 1s 91 percent so that wt%h such nozzles exhaust
velocities of 4000 meters per second (8€20 mph) must be
attainable with rockets uslng gas- oll~— oxygen fuel, - There
is also pletted the Tatio of the muzsle velocity e to

the maximum velocity Cpaxy 8howing the galrm due to the’
back pressure of the escaplng gases at the mouth. Thie

-. galpn naturally decreases with increasing 4. /d' _1n spite
“of the larger mouth area, so that strongly divergent noz—

zles for this main reapon are less advantageous as com-
pared with nozzles of shmaller divergencot as might at first
be expected. There 1s also to be added the fact, already
mentloned, that with nozzles of very small divergence or
in operation with very small external pressures the escap—
ing gas -Jet adheres to the forward part of the noszzle so
that this ring area 1is included in the effective nozszle
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epaoce and givey additfonal. thrust..  For."this:reason noz—
£les with very small divergences and even purely cylin—
‘drical noxzles give durprfhingly ‘high- efftcienctes., There
1: also plotted in figure 6 fhe"bffialency “d = n’h =

¢ max- : Ll .

6. Digssociation of the Combustion Gases

The actual processes in the combugtion .gas -are not
quite so simple as was assumed in the adiabatic computa-
tion, for aalde from the frictien .10osses, heat losses to
the surroundings; -etcs, very .high gas_ pyemperatures occur
with the high energy concentrations ‘mentioned and hence
considerable deviation from the behavior of 1deal gases.

For the- usual teclnical combustion processes the
combustlion -at thege temperatures becomes incomplete since
the gas molecules already formed, for example, Hz0 and
CO; again partly dissociate. The temperature does not
g0 beyond a certain value which, by computation and meag—
urement, for example, on welding flames, lg found to be
about 3000°to 36500° C depending on the gas pressure.

This dlssociation binds considerabdle portiona of the heat—
ing value of the fuel. . .

From the theorqtical investigation data available,
rarticularly Schule (reference 5) 1t is found that the
gag rTesurlkting . from the-combustion of -gas oil . and- oxygen
in the .rocket combustion chamber at least. 50 percent- of
. the heating value, that is, about 0.5 % 10° kgm/kg is
bound in the dissociated state and 1s therefore not avall—
able as heat content. Assuming that during the-expansion
in the nozzle there .is ndt sufficlent time for. recomping~
tion of the dissoocigted moleculgs 8q that the gas. has.ex-
panded addabatioally from the heat cpntent corroaponding
to 1ts initial, temperature the energy bound in the disso=«
ciation is completely logt for the eJection process, The
remainder of the combustion occurs outside the nozzle -
without any umseful effect. The attainable ejectlion ve—
“locities would in this case 1lle Bt considerably lower val-—
ues. Under the above—mentioned conditions there would be
obtained for the-gas o0ll-— oxygen propelled rocket a maxil-
mum poesible oJection voelocdity. of about o L

.cm =[g & 0.6 x 10° = 3160 m/s (7000 mph)

instead of 4570 meéters par:eeoong (10.090 mph) If the
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oomplete heating valuée of the fuei were utilized. With
a nozzle utilization factor- -(n_ ) .of 91 percent the ef-—
‘fedtive veloclity-would be ¢ = 5875 méeters per eeoond

(6400 mph), that is, the efficiency .of ‘the-entire. proc—
ess M, =.e3/c:ax. = 42 3 percent and- the °/°man = 6b

' percent._ ST

B

There are, however,. & number of eirbumetancel which

. tend to make the dieeociation in, the rocket  motor unfavor-—
- able .to a .leas extent than indivated above. Pirst, 1t
must be asgumed. that with the explosive ot detonating
character of. the combuetien of gas o0il and’ oxygen there is
no sufficient time for the complete eetabliehment of the
dissociation equilivbrium, " In. this ocase the #iaeociation
does not appear to occur to the extent ‘indicated by theory.
The temperature of the combustion gases thereforée rises
above the maximua value limited by. the dissociation to

the order of magnitude of the éun's temperature and to
-even congslderably higher temperatures in the detonation
waves themselves (reference 6). In this way the initial
heat content of the combustion gases more closely ap—
Proaches the avallable energy. of the fuel and the burnt
gases- behave more like a chemieally inactive gas so that
the dissoclation losses, at leagt for the initial pres-—
suregs of the.recently.burnt gases,are lowered. The 1ni-
tlal pressures then increase to the order of magnltude

of the detonation pressures.

If the extremely rapld combustion is followed direct-—
ly by - a simllarly rapid expansion then the latter process
may be consldered approximately as an pdiabvatic expansion
. of very high initial heat content.

. The observed heat radiatien also indicatee the oo—
currence of gas temperaturee above the values limlted by
the usual detonation. Furthermore, the mean free path
of .the gas moleeulee, particularly .at the high combustion
chamber pressures 1s 6o small. compared to the path ‘of the
gases through the exhaust nozzle that any ﬂxleting dis—
soclation, at leaet ag far as free atoms: (for example
.H, 0) are concerned, is compensated during the expan—
eion progess. .There then occurs . durlng the expansion an
afterburning so that the gas temperature remaine approxi—
nately constant and the expansion’ during the afterburning
is isothermal (reference 1, p. 24).
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- - . 7. Temts.- ontlmcket Motors.:, . . .- ..

“a -
- -

Ehe very Anportant quoptton'as tﬂ ths attainable
ejJection veloclty -of a rocket motor thue cannot be com—
pletely answered through -computation alone.... The author
therefore undertook numerous test stand experiments with
14 4ifferent rocket motor models of the type sketched
.in figure 2. Each run was up to a half hour's duration,
‘the measured thrust up to“SO'kilogramlani'the weilght of
the motors always below 1/2 kilogram. ‘Petroleum gas oil
and pure oxygen vere at first used a@ fuels. The oxygen
wvas for the most part gaseous welding oxygen, the liquid
_form being used »nly in a few teste bécause although the
_combustion was as- steady as with the gaseous oxygen the
cold atomized ligquid oxygen gave considerahle ignition
lag.

Figure 7 gives a view of the instrument room of the
test set—up. At the left 1s seen the Bosch injection
. punp for injecting the fuel oll; whereas, on the instru—
ment board iteself are mounted indicatore for the oil
pressure. pressure of the dburnt -gas, temperature of cool-
ing medtfum, fuel consumption, duration of test; oxygen
consumption. oxygen pressure, etc. All apparatus for"
conducting the oxygen are for reasons of safety removed
from the instrument  room, the regulation of the oxygen
supply beling effected by means of a handwheel over a re-—
mote control as shown at the right of the figure. -

The test room-iteself comfiunicates with the instru—
ment room only through a small observation vindov like-
wise seen in the picture. :

Figure 8 gives & view of the test room one slde of
‘which is completely open to ‘the outside,'and the teet
stand. The motor ‘was suspended on-a ewingihg frame
vhich was capable of" ‘moving practically only in the "di-
rectlion of the horiszontal motor axis. ~The ‘braking ‘and
transmiseion of the free tlrust to the éuppéeirt fixed on
the ground wvas over a horizonfal spfing dynamémeter which

at the same time measured the thriysts By this arrange—
ment and a fixed calibration’ aystem all frictional forces,
' elastic forces of the riping, etc., were excluded from
,the thrust msasurement., Both of “the above photographs
apply to a phase of tle test whére for the accurate -meas—
urement of the heat conductiton throéugh the combugtion—
chamber wall the cooling was effected with water instead
.of with the fuel itself,
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.

. Iignro 9 ohovs thg liquid ‘ogygen-High pressure taﬁk
vhich vas put unde? a préssure-of 150 atmoepheies -wWith-

‘the ald of the usual gasesous oxygen, the liguid fIéwlng

from a controal wvalve in_-the- tank into the combuation
chamber., PR

Figure 10 shows a rocket flight metor operating with
30 kilograms etquftvd thirust. As wds to “be expeoted: ~
from the theoretical” oonsiderationu,the attainable effec—
tive ejection” vdlooity was-found-to be-oaly- vdr?“olightly

.dependent on the ‘shape and divergence ralio ®v}. the ejec—

tion nozxzle. This lack of sensitivity. even:extended to.

noxzles with surfaces that were roughened on purpose. On
the other hand, the ejection velocity depended to a very

large extéat on the qhality of “the combustion ‘in.%he com—
bustion éhamber. -

Ag factors influencing the combuetion the following
vere separately studied: ~the turbulence.of the fuel,
the preheating of the fuel, and-the length of time the

_fuel remained in the combustion ohamber.

-

Turbulence of ‘the fuwel- after introduction into the

-'soherical-shape combustion chamber was produced to a

large extent by structural means. Preheating was obtained
by using the fuel to cool the comhustion space walles be—
foreadmigsion.- This preheating was found to be of great
advantage for the fuel o1l and almost indispensable for
the liquld oxygen. The effect of these factore on the

the e jection velocity of both was, however, very small

in comparleson with the effect of the length of stay of

the fuel in the combustion chamber, as had been surmised.
(reference 1, p. 69).

Denoting by V, gms/kg) the specifiec volume of ‘the

_ burnt gases in the: ohambdr and by G (kg/&) the wdi%ht

of ‘gas "consimed per secord themits velumé 1s’ G.V

The length of .atay in the combustion chamber 1s tﬂen

t = Ve °h/Gvo_ (sec) dr;*by making use of the gge equa-
tion pgy Vo = BT, ,

€ = Vg ok BolCRY, - ﬂ (18)

For a given motor the stay interval depen&s only very
sllightly on the throttling, as may be seen from the fol-
lowing consideration. Setting

b

i‘ki ' po
P = Gc/g
Tocp = kaca/Zg
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(vhiere Xk, and k3 are noxzle:‘consthnts) Into equation
.(18) 'and combining-all fixiu valuua tn&o a’new conntant
k gives ] . Lo . :

¢ ch . {19)

t =k
: fle

For a given motor 't and "¢ are therefore inversely
proportional., Since, however, o  varies only within
very narrow limits the stay interval is determined mainly
by the chofce of the ratie Vo on/f', but to a first ap—

proximation ls 1ndependent of the throttlihg of the én-—
gine.

In figure 11 the obtained effective veloecity. c. of
nine different motors 1s plotted against the sftay interval
t, and a mean curve drawn through the points. Thils curve
is one of the most important obtained from the entire
series of tests. The small scattering of the test results
is explained satisfactorily by the naturally varying tur-
bulence and preheating of the fuelda. It may be seen that
for intervals of the order of 1/100 seconde jection veloci—
ties above 3500 meters per second (7800 mph)! are attained,
so that no appreciable losses through dissociation occur.
Whether at considerably higher stay intervals sufficient
time remains for aporeciable dissociation and hence a
lowering of the ¢ values could not be determined with
the system used since the coolling losses through the com—
bustion chamber walls then became considerable.

For the rocket flight engine there thus exists an
optimum size of combustion chamber for whiech the combus—
tion 1s already sufficiently complete and no appreciabdble
losses through cooling or dissociation occur, According
to the test results thms far obtalned this slze of com—
bustion chamber seems to be attained for about- 1/100 sec—
ond of stay- interval. (See also reference 1, pp. 69, 70.)

In the case where appreciable dissoclatlon does not
appear for the explosion-type combustion in the rocket
chamber the wall temperature must rise to an order of
magnitude of 6000° absolute. This value 1s obtained with
the ejection velocity found from the fundamental equation
of gas dynamics -

cp T = kp c2/2g

where for the nozzles employed kg = l.2.
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. -Direct .temperature meagurements. vere not- possidle,
~: - ‘The heat-conductlien. through - the_qopﬁuetion-valle vag,

- .however, carefully-.-measuréd.: Fer the-maximuli- exbaust -
‘velocitiesr values-up-to adbout. 1 hp/emﬂ through the: com-
‘bustion chamber :wall were.obtainéd;. this 1s adout 30.
times the. maxinum - values obt&ined with inte¥nal comdbus-—
tion engine. ~If.it 1s assumed,with the comdbustion-tech-
nicians, that for:the relatively snill.coHmdbustion- gas
velocities.in 'the .comdustion chamber. the-convection is
‘small as-compared with.the.radlatioh; similar vdalues are
arrived at for.the témperature. of -the-radiating gas. The
eJection veloocities obtained '‘are ello indireotly confirmed

. by the temperature obeervabione...- o0

In the numericel teet reeulte the- verk done in in—
. troducing the liquid-fyel.is not:speclally accountéed for
. because even for-high admigslon pressures-the work .re—
mains in the region of 1 percent of the output.

>~ Heat lvosges through the:;walls of-the.pmotor to the
surroundings did not arise 1n the results of the experi-
ments since the heat passing through was taken up mostly
by:the. fuels .themselves, and. hence -was" again utilized for
._the combustion in the chamber.

Ihe experience gained from the very exteneive tosts
qannot here be congldared:-moere 1in - -detail.- Essentially a
.number of conditiong’'were clarified which had been .ralsed
..88 -objectiones agalngt. the posaidbility of the constructilon

of rocket motore.. The noet important are ee follows:

1. The eJeetion Velocity of the eombuetion gaeee.
" with suitable shaping of the. mptor, becomes
far greater than the.mean-value of the trane-—
latory velocity of the ejected gas molecules.

2. The dilemociationr of the burnt gas assoclated with
the usual combustion at very high flame tem-—
perature. leads: in the cass-of the rocket motor
to no appreeiable 1oeeee.

| [}

3. The exploeive oomhuetion of liquid hydrocarbone
with ligquid oxygen -is per!ectiy eteady with

ontinnoue edmieeion,

.“- s

4 The problem of etrueturel material for the com—
bustion chamber-and the-apxsle of roocket motors
is practically solvable.

\ Thet the ejection velocities attained and the safety
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.of operation are even mdre readily Abtainablq 1h full
scale constructlion followa from a number of .reasons., for
example, from the larger time interval .within vhich the
burnt gas remains in.'the large- nozzie for which the Ye—
locity'of flow is'about the sanme as’' for -the model nozzle,
g0 that recombination after dlesociatlon, afterburaing,
and so forth, are poesible to a greater dxtent for the
larger nozzle, Furthermore; in large -nozzles the bound-—
ary—layer losses are amaller because of the relatively
emall nogzzle surface area. Because of these geometriec-
relations other cnndltiohs remaining the  same, the com—
bilnation wall to be protected 6f the full-scale nozzle

is much smaller, and so forth. There is thus no question
of the vpossiblility of apolying the results on the model
to the full-scale motor, The tests: will be continued with
high—value fuels with the object of raising the ejection
velocity to above 5000 meters per second (11,000 mph).

" 2. EXTERIOR BALLISTICS OF THE ROCKET AIRCRAFT

Rocket aircraft are .analytically investigated the
flight paths of whlch conslst .only of climb to the de—
sired flight altitudes followed directly by gliding de—
scant. -Both ¢limb and deséent are so determined that
the alr forcea remain wlthin definlte limits which depend
essentially on the welght in flight. The computation
carried -qut. on the bagls of these assumptions with regard
to the flight -path shows a considerable advantage of the
rocket alroeraft over the conventional propeller airplane
as -regards flight speed and celling while the range re-—
malns about the same because of the necesslty of carrying
aleng ‘the fuel oxygen.

1.No£a£ion
a .velocity of sound in air (m/sa) -
c jet velocity of the motor (m/s)
éa 11ft coeffiotent (A/ér)
1ift coefficlent in neighbofhood of;ground
cg friction coefficient

drag coefficient (W/qF)
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drag qoeffjgipnﬁ_gfhvage-

'base of natural logarltbml

. afr resibfaﬂcg of" aircraft (ks)

pressure drag.cppffip;sngji;:_ Lt
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.ascelsration of grayity (m/s3) .

altitade (m)
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mean free path of air mo;egg}ggﬁ&m)

ad fa, o

-
s o1l L -

Mach number (v/a)

pressure .incmment above or below atmospheric
(ks/m ) g

r-. )

.
L)

path traversed (m)

PR

“"depth of £light %odyiiﬁfflow\girection_(g).

-

flight ‘velocity’ (m/ﬂ

CY .I'-—;n'-'i

'-fligﬁﬁ velocity in neighborhaod of . ground {m/8)
1128 (kg) CT T T

wing area (ma)

main bulkhead aresa (ma)

veight in flight (kg).

weight tﬁ'neighborhood;of gr;nnd (kg)
welght at end of subsonic path (kg)
over—a 1l surface area bof aircraft (ma)

propulsive force of motor (kg)

radius of the etrth (q) F”FJZ B .

i i =5 ..

tinsrtia force tangential to path Ck{)

o
e e

dﬁsle“or attack, half “of verﬁical ungle ‘sf cone

(deg.)
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Y ‘air density (specifid wetghit ofiair) (kg/a®)
Y air density iﬁfﬁeléﬁﬂthﬁga'éf iki%ﬁ:(kgﬁis)
8 Yboundary lajer tHicknmess ()} *

¢ glide ratis (e fog)” ~ 7 ©

K adiabatic exponent

v kinematic- viscosity (m2/é)

@ inclination of path (deg.)

Y - 5 e = - - P - . -

2. BExternal FYorces on the Roéket Alrcraft

Since for technical reasons the gdneral'construc—
tional features may be assumed to follow those of the con-—
ventlonal propeller alrcraft, -that i1s, a propulsive force
in the direction of flight, fuselage with special 1lifting
surfaces, similar arrangement of controls, take—off from
the ground into the wind, etc., the forces acting on the
rocket aircraft are of quite the same type as those acting
on the pnropeller msircraft. The relative magnitudes of the
forces differ, however, considerably and on this circum-—
stance is based the special flight verforpance of the rock-~
et aircraft.

The external forces acting on the aircraft are essen—
tlally the aerodynamic 1ift A  of the wings, the drag W
of the alrcraft, the propulsive force P of the rocket .
englne, and the weight G of the alreraft. In addition,
use 18 made in the computatlon of the flight path normal
and tangential components ¥ and T, .respectively, of the
d'Alembert inertia force. '

3. Air Forces on the Rocket Airdraft

For the computation of the ailr forcea. particularly
in the very important velocity range ‘above ‘the velocity of
sound, the actual shape of the aircraft (figs. 12 and 13)
(reference 1) is first replaced by the simple geometrical
scheme of figure 14, The fuselage .1e to0 .be consldered as
a right c¢ircular cone Joinnd to a ‘eircular cylinder at the
base and the wings as thin flat plates.at small angle of
attack, This scheme for thbd alreraft wase chosen because
it 14 very fgvoxable from a flqm dynamics vyiewpoint at
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yory .high velocities and because definite formulas for the
Tair. forces: are. available for: the eﬂnple geometrical bodles
at-eupereonic epeede.r

] N »

The air is first assumed as ususl to be a continuous
medium with the following properties; zero heat conductiv-—
ity, free from vortices and external forgces, elastically
compregsible according to the gas laws and frictionless

outside the region of the boundary layer..

th air'forcee"are given by the neual_formulae:
A cg Y/2g ¥ ¥3 ;‘ N .
- ‘W = oy 'Y/anli'-'ira o (1)
€ = W/A = © /ca

"For’ noderate velocities ‘of . .the airplane the air -force
a: and °i are, as ie known, independent

of thé veloecity. The - very ‘narrow wing profile and the
slender fuselage shape lead to the expectation that the
coefficients do not appreciably change up to about the
velocity of sound; so for the entire subsonic region of

‘velocitlies may be set approximately:

) cé = conet and__c' = conat

The drag/lift ratio of ‘the aircraft shown in figures. 12
and 13 are assumed ix the euheonic region to be € = 0.2,
In the supersonic velocity range the air force coefficients

depend on the flight epeed.

The coefficienth of the flat plate for emall anglee
of attaock «, according to Ackeret—Busemann .(reference
7) are: ) _

. 0. " '- " S
ca= == anml o, = =i

_«/fv'a./aal -1 v Jv‘/aa_ -1

The drag coefficient of a cone of angle 2a in axial flow
ie. according to Buaemann—larman (reference ‘8), °

- " - .- . - . . 0 . " .'-‘ .4. ] . : 2
€y = G 5+ ¢, ='a@ad lpn — ——— + = a3/v3
w wd we ad(vafad = 1) K

-

where the' £irst ‘member gives the pPresbure drag in front
and the second member the wake behind the moving body.
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For the free fléw at a certain distance from the sur—
face of the body where the flow processes are mainly af—
fected by the inertia forces, the agediliption of friection-—-
lesg flow, as 1s known, applies with sufficlent accuracy,
In “the neighborhood ‘of the surface, however, the viscosity
forces are predominant, so that the energy—consuming Prandtl
boundary layer 1is bullt up and frictional forces parallel
to the surface arise. As is known from experience, these
frictional forces do not increase linearly with the veloc—
ity near the earth according to the Newton law, but be-—
cause of the turbulent processes -in the boundary iayer in—
crease practically with the square of the velocity, the
frictional stresses amounting té about 0,3 percent of the
dynaxic pressure. There would thus be obtained a fric—
tlional coefficlient referred to the rudbbing surface of cg =
0.003.

At the flight altitude of 40 to 60 kilometers (25 to
37 miles) required for practical rdcket flight purposes,
the free path of the air molecules 1 = v/a bYecomes com—

parable with the boundary layer thickness & = y5t7v. for

example, 4/1 =q/at/vl ® 10, There should therefore hardly
be any opportunity for the building up of the usuel turbu-—
lent boundary layer processes, a fact also indicated ac-
cording to Busemann by the small value of the Reynolds
number R = vt/al. The friction at thisg altitude is there—
fore considerably smaller than for the flighte in the
neighborhood of the ground and 1ig .therefore small 1n com—
parison with the other alr forces.  This also 1s 1ndicated
by experlience with high altitude proJjectiles,

With regard to the actual magnitude of the air friction
under these conditions lifttle~information is avalilable. We
therefore consider for the present the two.limitng cases:

1. The frictional forces of the air on the rocket
airplane flying with supersonic velocity are
neglected, compared to the other air forces.
There are thus considered only the previously
€iven relations for cg and cy.

2. The air friction 1s assumed in addlition to the
remalning air forces and coneldered to be of
the same order of magnitude as for motioan in
the dense air réglon near the ground seo that
cf = 0, 003

For the scheme of our rocket aircraft Phovn in-figure
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14, the air ‘force.relations plotted An figure 15 are, ‘then
obtained "the ‘mir-force-soefficients- teing referred to
the wing area T elone.-'

4 = caa¥; ""°vd‘l""°ﬁdﬂ'+°wqr+("‘ ef q 0) -

For O = 3, OEI and TF! = 0 035! there is obtaine&:

ca = A/qF = cg = da and

. v3[a® - 1 o :?

T, = '/qT -

_ Oyd a4 0.035F + oy a O. oasz + oyaf + (+ °f 3. osr)
q .

4 .
a?(v3/a® ~ 1)

o 4 a® - --1
+: + (+ 3.05 x 0.003)

Wv3/ad — 1

'With a = O. .1 (angle of attack of wing and half cone angle
equal)

0.035 a® 1n

+ 0.035 % a3/v3 &+

— 0.4
Ca = me———cnal
vJv2/a® ~.1
_ : . S 0.04
§, = 0.00035 1a —;-129-TF + 0.060 83/%® + —— — +
. vR/a® -1 , Y Y P
. . . L
pressura on body- body wake- wing drag

‘+ (+ 0.00915)

total friction

It may be seen from figure 15:thdt & condtant coefficient
of friction, particularly at the high: supersonic veldci-—
ties, would mean a preponderance of the frictional forces
compared to the other air resistances; In figure 18

are also plotted Hhe lift/drag ratios with and without
friction correspowunding toc the above two limiting cases.
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The true 1ift/drag ratio, becauge. of. the sufficiently
laminar flow assumed, will probadly lie-between the two
curveg although its precise nature is unknown. In order
to sinmplify the computation as much as possible a value
ca/cy = const = 6 was therefore chosen. This value is

assumed to include also several other resistances of the
airplane due to finite thickneese of the wings, tall sur-—
faces, eotc.

The formulas given by Ackeret, Busemann, and-Karman
for the alr forces at supersonlc speed depend entirely
on the assumption that the air may be considered as a
continuous medium and the angle of attack o .-at which
the air stream strikes all the surfaces is small compared
to the Mach angle m, If the latter assumption 1g no
longer satisfied, compression shocks, subsonic velocities,
increased air forces, etc., will be encountered at the
surface as shown theoretically by Prandtl for the case
a = w/2 (reference 9). :

At the flight sepeeds considered here of from five to
ten times the sound velocity, this aesumption,. even for
very slender fueelage shapes and very small angles of at—
tack, is actually not well satisfied. Similarly with the
assumption of the air as a coxtinuous medium for the con-—
slderably larger free path of the molecules at the flight
altlitudes of 40 to 60 kilometers.

For the computations below 1t 1s therefore a welcome
confirmation of their underlying assumptions that also
according to the elementary Newton theory the air forces
vould come out similar to the laws that have shown them—
gselves applicable in the related fleld of exterior bal-
listics. We thus consider the air an elastic discontinuum
consligting of a large number of mass particles of very
snall magnitude without mutual effect on each other and
exerting perfectly elastic forces on a fixed obstacle,
assumptlons which Have been succesefully applied also 1in
the kinetlic theory of gases, For the 1lift coefficient of
our wing the relation

¢, = 4 eln3 a cos a + 2/ a3/v3 = 4 a3 + 1.43 a2/v3
1s then obtained. The first term refers to the pressure.
on the pressure gide and the second term indlcates’ the
assumption that there is 'a coimplete 2ir vacuum on the
suction slde. Since bPoth terms represent an upper 1limit
of the alr forces, the above relation will be denoted
briefly as the "limiting formula.™ :
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.. «... The flow forces consist ‘here' only of ‘the impact

1 forces produced by thé &ir molecunles: The "wake," %00,
consists of impact forces due to the heat motion of the
molecules which, becaunse of the motion of the aircraft,
act only against ‘the pressure side. . -

For the conditions actually applying in our case,
the above considerations can also be taken as a limiting
cage which would be realized only if the free mean path
dapen&ed on the magnitude of the aircraft dimensions,
which is the case only at considerably higher altitudes.
In figure 16 the e5 values of the flat plate according
to Busemann and to the limiting value formula are plot-
ted and both curves are found to be in such good agree—
ment that in what follows use will be made.of tHe latter
formula. Thies is also Justified by the consideration
that Newton's theory gives a drag/lift ratio independent
of the flight speed — an assumption which from the other
point of view must be taken to hold only with a certain
degree of arbitrarineses-and also from the fact that
Newton's formula by its very nature does not take into
account any epecial frictional forces.

In the air force formulas in equation (1) the coef-
filcients in the supersonic region referred to the wing
area are thus found to be

)

Cg = 0.04 + 1.43 a®/v?; c, = 0.2 cg; € = 0.2 (2)

An dssumption must elso be made with regard to the
alr denslty and ite dependence on the flight altitude,
For simplification Hohmann's formula 1s chosen for this
purposé (reference 10)

- . @ \4® L .
.o Y= 'V'o( 1 - —2 ) S (3)
R _ : . 400000 N :

2

' ~ which ‘gives the actual relatlons over the total altitude
range here considered. The ving 1if¢t 1n the - gubsonic
range then becomes

3k

- -

A = oy Yo/2e (1 - h/4ooooo)" T v3
aﬂd in the supersonic range

A = (0.04 + 1.43 a3/v3) ¥ _/2g (1 ~ n/400000)*° T v4

n
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-For the flight relations in the neighborhood of the
ground

Ay = By = Cgq YO/Bg F-v:
from which
Yo/28 ¥ = Gyfcg, V3

Hence the 1lift per unit take—off weight of the aircraft 1is

‘ 4/6, = cp v3/ ey, Vo2 (1 — b/400000)*°

or )

8/Go = v¥/cg, ¥o? (0.04 +71.43 a3/v2)

(1 - h/400000)*®" (4)

and the drag

W/e, = cc, v3/o,, v3@ (1 — h/400000)*°
or -

H/GO = € va/caovoa (0.04 + 1.43 aa/va)

(1 - r/400000)%° ' (5)

4. Gontrifugal Force on the Rocket Alrcraft

The remaining external forces on the aircraft can
be given only after a more detalled dencription of the
path pronerties as a function of h, v, etc. Tor the
present, however, a few remarks will be made regardilng
the centrifugal force.

The inertia force N normal to the flight path is
due to the path curvature and is thus determined by the
radius of gurvature p and the flight velocity v. For
the velocities first attainable v may with sufficient
accuracy be referred to the starting point. In the flight
paths consldered later for those cases where N 1a an
important factor, it 1s permissible with sufficient accu-
racy %o substitute for the flight path radius the distance
of the airplane from the earth's center (R + h) where
the earth's mean radius is R = 6,378 x 10 meters. Then
for X

N = nv3p = Gv3/g(R + h) = Gv3/gR

since even with a rocket aircraft the flight altitude may
be neglected in comparison with the earth's radius.
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6. The Climb Path in the Subsonic.Range

Simple consideration shows that £f1light speeds above
about 500 meters per second (1100 mph) should first be
attainable for practically possible take—off veloclties
without ochange in the wing 1lift relatlons at about 36 to
40 kilometers altitude if constant dynamic pressure 1s
assumed during thig climb, The shape of the c¢limd path
between h = 0 and, for example, h = 365,000 meters for
fixed shape of aircraft-(particularly for wing size, wing
angle of attack) is a function only of the magnitude and
the time variation of the propulsive force. Several prac—
tical limits are imposed by the climb ocurve attainabdle
with the usual means, physiologically unfavorable effeot
of too high airplane accelerations on the passengers and
by the increased structural difficulties of rocket motors
of very high power.

A numerical computation is presented of the particu—
larly eimple case of a rectilinear subsonic climb path
inclined to the horizontal by a constant angle ¢. For
such a climb path the required propulsive force is com—

Pletely defined at each instant and can therefore be com—
puted.

Setting the force components parallel and normal to
the axis equal to sero gives for the required rocket pro-
pulsive force according to figure 17:

P=20CGoeinop+ W+ 7T
A = G cos @
from which
PaG(sin ¢ + ¢ cos @) + T

or

P/G = (ein ¢ + ¢ cos ¢ + 1/g av/dt)

From the second equlilibrium equation and relation (4)
there follows '

R Y

(v/vo)3(1L — & sin ¢/400000)" = ¢/6o cos @

Setting tc a first appr oximation G/G, a constant eéqual
to Xk, the mean value of the weight over the subsonic

climb path, where G, 1s the weight of the alrplane at
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the end of the subsonic.and the beginning of the super—
sonic .climb path, there 1s obtained for v:

v = ds/dt = v,/ k; cos. 9 (1 — s sin ¢/400000)2%"5

Integrating once and noting the boundary conditionl.
there 1ig obtained - .

t = 16700 . T3 _ (1 - s sin cp/4ooooo)“"°]
Yo'k, cos ¢ sin vl " 4
and '

8 = 400000/e1a [1 -(-v,

t k; coes ¢ sin ¢/15700)1/85‘°]
' (6)

The required value of dv/dt with the aid of the funda-
mental relation dv/dt = v dv/de is obtained as

dv/at = v3 k; ein 2 ¢/326400 (1 —~ s ein ¢/400000)""%°
The thrust to weight ratio is then

. P[G = kc/g = sln @ + ¢ cos @ + yaa k, sin 2 ¢/32640 g

(1 - » sin ¢/400000)5° (7)
vhere k glves the fraction of welght G given off by
the rocket per sedcond and 6 the ejection veloclty of the
gases (hence only the combustion gases are considered here
as the accelerated gas masses in the sense of the propul-

sion). Furthermore, the total decrease in weight on the
subsonic ¢climd path up to each instant of t ime is

46 = — Gk 4 ¢
¢/e, =

o—Et/c (81ng+ cosg)-v,/cETEoRP [(1-v e ing/ETEOEY t/15700)7° -°° 1
(8)

The angle - of. inclination .. @. of the subsonic path 1q to
e so chosen-that the fuel comsumpt ion 1s a minimunm.
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Taking v, = 80 m/e (180 mph), v = 530 m/s (1200

. mph),~ ¢ = 3708 mfs..{8260.-mph)., and..€ =.0.2_, a flat .

minimum of the fuel consumption is obtained for ¢ = 30°,
With this value a few of the characteristic magnitudes
for the climbd path like flight velocity v, distance
covered s, effective rogcket thiust P/G, and actual
airplane acceleration dv/dt are plotted as functions

of time in figure 18, It 1s noted firgt of all that the
applicable take~off accelerations must remain throughout
within moderate limits to prevent the airiforces during
climb from increasing beyond a desired degree and hinder
rather than assist the climb.

The subsonic ¢limb with favoradble climd an;les dis—
cussed above is only one dranch of the long flight path
further described below eof a rocket aircraft.

6. The Climb Path in the Supersonic Range

The nature of the suversonic branch of the climb
path 1s influenced to a very large extent by the circum—
stance that the air forces in the supersonic range 1in-
crease much more slowly with the veloclty than 1s the
case for the subsonic range. Practically this means that
very conslderable flight veloclity increments can be bal-
anced with respect to the air forceas by only small alti-
tude displacements of the flight path so that all practi-—-
cal rocket flight velocities are possible within the fly-
ing altitude range of about 40 to 60 kilometers. From an
economical point of view it is of great importance within
this velocity range that the centrifugal f orce on the
flight path due to the curvature of the earth's surface
increases to a considerable magnitude and replacee more
and more the power—eonsuming lifting force of the wing

.80 that to a certain extent the flight becomes a gravi-

tational motion about the earth's center.

In contrast to the subsonic climb path t he supersonic
branch extends over. very large horizontal stretches 1n
comparison with which, according to what was said adbove,
the vertical ¢limdb paths are small, It is along this
branch that great kinetic -emergy.is attained. . Correspond—
ing to the very small path inclination and because of the
great difficulties of an exact mathematical computation
it is assumed that, for the supersonic branch of the climd
path, the airplane axis is approximately always horizontal;
80 the diagram of forces 1s that shown in figure 19, The
action of the power plant, and not the shape of the flight .
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path, is here in advance so chosen that the effective
airplane -acceleration 1s constant and equal to the .value
attalned at- the end of the subsonic. ¢climd path. In this
way -the modification of the power plant for higher thrusts
than those necessary in the subsonic range is avolded.

The rocket thrust decreases continuously during the super-~
sonic olimb as the weight of the ailrcraft decreasesg so
that P/G = kd/g 1s oconstant; where k is the constant
per second chanmge in unit welght of the sircraft. Hence
the change in veight per second of the enitire .airplane 1is
‘equal to- €@ k and thus dec¢reeses with G, .The weight
decrement dG in time dt 1s therefore - .

a6 = — G k at
whence
6/, = o7kt

which relation could naturally aiso have been obtainsd
directly from the so—called fundamental rocket. equation.
For the rocket thrust . .

‘ P/G, = kc/g o XV
the.centrifugal force ]
- . Fle, = valg.ﬂ okt
the 'alx.'u;.l ‘inertia force

/¢, = 1/gekt dv/dt

By equating to zero the forcé components of ‘the resultant
in the vertical and horizontal directiéna, there "is obtainod

Zv =0 ... va/gnekt + 1/e, v°3
X v2(165300/v32 + O.CE)(IIT h/400000)%° = 1/91_=t
IH = 0 . . . kc/gekt =- - '.
= e/caol° -v3(155300/v + o o4)(1-nl4ooooo)‘9+1/gekt av/at
(9)

Elimindting "h from botﬂ equetions. the- dtfforential
equation between v and t- is obtainod

1
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dv/dt = ke - cg + GTa/R ’ ::?. .

~ - u.._4|¢.__

which by one 1ntegration gives

~

va;Jgifkc - eg) + R(ke - Egst;n t J@/R(kc ; €g)
v = : - (10)

vf} (ke -~ eg) - €v, thn-thini(kc -€g)

wvhere Ve 18 the limiting flight velocity: between the

subsonic and purely nupereonic ranges and t  the time
from the atart of the gupereonic path. - The flight veloc—
ity at each instant 1s thus known. The corresponding
flight altitude as a functlon of t and v 18 directly
;obtained from the abdove equation T V = O. .

- By integrating a second time the .above differential
equation there is obtained the horizontal path traversed
at each instant of time. We sBhall not try, however, to
obtain' the very 1nconvenient formula for s, which gives
an unjustified appearance of very great accuracy,but in—
stead estimate the horizontal path by assuming a mean
constant airplane acceleration of magnitude .

b = dv/dt = const = ko —~€ g + /B (v + vg)3/4a
2 .. Lo . . . T

e = Yo o v (11)

3b: 2kc-2€g+€/R (v +° va a/2

In figure 30 the velocilties, horizontal dietancee of the
supersonic path, and the fuel consumption are plotted as
funetions of the time, taking ¢ = 0.2 and k ¢ = 15 m/s3.

Because of the negieéted‘thruet wvork durlng the
supersonic climd path the velocities will actually come
out a fevw percent legs than the values .given by the fig—
ure.

The relatlinn between the flight sltitude h, the

remaining path variablel, and the variahle veight 15 ob-—
talned by combining equations (9) and (10).,

7. The Descent Path in the Suéefqpnic_ﬁange,

The climb path ends after required flight velocity is
attained and the rocket airplane flight is now continued




34 NACA Technical. Memorandum Ko. 1012

with this velocity .at constaht altitude and with thes motor
performing the work reguired to overcome the remaining air
resistance, The very favorable mode of action of rocket
propulsion at high velocities likewise show up for this
part of the flight. At a sultable distance from the de-—
slred goal the power of the motor should be shut off and
the rocket airplane then begins. to describe the descent
vath under the action of the retarding dir resistance,
Since the angle between the path tangent and the horizon-—

tal at the upper portions of the descent path 1is very small,

the force relatlions shown in figure: 21 may be used to dis-
cuss the descent relations. The forward propulsive force
is the inertia force T which arises from the retardation
of the aircraft by the alr reslistance, . that is, which must
be supplied from the kinetiec energy of the airplane mass.
The descent path extends over very great distances corre-—
sponding to the available energies; hence 1t 1s economical
not to .fly with.the power on over the entire flight at
high.-altitude bBut to start the descent path directly after
the supersonic climb..

Because of the smallness of the pptentigl in compari-
son wlth the kinetlic energy at the initial flight alti-
tudes under consideratiéon, the potential energy need not
at first be considered, account being taken of its effect
in lengthening the path by a subsequent estimate. In view
of the uicertainty of our formulas on the air ‘densities
and alr resistances a more accurate computational method
has little practial value.

With the vertical and horizontal components of the
resultant force get equal to zero, there 1is agaln obtained
from the fundamental dyndmic equation:

IV=0. ..v3/gh+1/c, ovo? v2(165300/v2+0.C 4) (1-h/400000)*° = 1

3 v2(165300/v3+0.04) (1-n/400000)*°=1/¢ dav/at
(13)

EH=0. - (-:/ca_o o

Eliminating h there is obtained as the differential equa—
tion between v and t:

-g.F-vaeyR = dv/dt = d2g/at?

One integration gives
e““'ﬁ'a"_ (JEE + v )] (JaE - wg)

v = Je& . (18)
aetvg/R + (vr-+ vo) (V%R - v,)
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wvhers v, .is the.fllight velocity at the initial. flight
altitude.-- The flight.rplonity at eath 1nltant is thue
knovn. T -

- -

- The relution between v and A 1e obtained fron the
first of egquations (12) and the results are plotted in
figure 22, The figure also gives the relation between the
two varigbles under the assumption of constant dynamic -
Pressure, an assumnption which corresponds approximately to
the actual conditions for flight velocities bhelow the ve-—-
locity of sound. Integration:-of the differential equation
& second time gives the horixontai dietance traversed at
sach 1nstant. 3

R _ '-1+(\/—n+vq)/cf1r_v.,) R
8 tm+3/2c_1n< actJ7_+( )/(J_—vo)>

With the relations thue obtalned the descent path can be
computed from each initial flight altitude as long aB the
flight veloclty remains in the supersonic range, that -is,
the assumed air resistance law with variable ¢, remains
sufficiently valld. This generally is the case down to
altitudes of about 40 kilometers.

The dependence of -the length of path traversed and
the time it takes .onm the initial flight altitude is odb-—
tained with the aid of the preceding relations and-the

-'values in figures 22 and 23, etill assuming €= 0.2,
The ‘descent paths starting from high altitudes are very

long. ‘Since the longest passage over the earth cannot be
greater than about 20,000 kilometers, the maximum alti-
tudes to ‘be considered in travelling between different
points of the earth camnot exceed about 60 kilometers .
(37 miles) since the deséent path from this altitude al-.
ready extends over the éentire length- of the. reguired
flight dlstance. The time for:this descent over 20,000
kilometers is about 85 minutes. .

8. The Descent Path in the S-wubesonic Bange .

Since in the range deacent path with eubeonic ‘veloc—
i1ty the effect of the centrifugal-force is practigally no
lohger existent.and-the air force coefficients may be con—
Bldered as zonstant, the air resistance 1s similarly con—
stant over ths entire remaining des cent path and the length

‘of the latter can be zomputed in tré simplest manner from

the available- energy and the air- resietanpe.
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At 40 kilometers (25 miles) altitude; for example,
the total available energy is about 60,000 kgm per kilo-
gram welght of the aircraft, Again assuming for the
subsonic range a drag/lift ratio € = 0.2, there is ob—
tained 0.2 kllograms for the constant air resistance per
kilogram welght of aircraft and the length.-.of the eubeonic
descent path becomes . !

8y = 60000/0.2 = 300,000 m = 300 kn

The flight velocity on this subsonic descent path drope
from the approximate initial value of about '1900 km/h

(1180 mph) to adbout 150 km/h (93 mph) near the earth in
such a manner that the dypamic pressure remains constant
in spite of the variable &ir density, the entire subsoniec
branch being traversed in about three-fourths of an hour.
These values are quite independent of the initial alti-
tude at which the descent began provided the altitude under
the assumptions made was only slightly greater than 40
kilometers (25 miles): :

b/ * 9. Summary of Flight Performance

The outstanding flight performance factors of the
rocket airplane are 1its flight velocity and fIight alti-
tude. A third very 1lmportant performance factor Is .the
range. Under the assumed rocket flight process described
above all theee three factors are necessarlly connected;
hénce the descripiion of the dependence- of any one of them
on any desired parameter will enable complete performance
data to be obtained. Since the range is the main factor-
that determines the practical utility of a rocket airplane,
thie factor will be.considered first. As 1n the case of
the conventional airplane 1t is determined by the quantity
of fuel that can be carried along and thus clearly by the
ratio G/G, of the airplane:weight at any time to the
initlal weight G,. - )

From figure 20 there is obtained the relation between
G/G and v shown in figure 24, account being taken of
the ‘fuel consumption according to equation (8). The rela—
tion between v and. 8 of figure 24 .is cbtained with the
aid of the relations in sections 7 &nd 8. Finally, from
the two curves there 1s obtained the relation between
¢/G, and .8, which ig of main interest here. It may be
8een that the eecuring of sufficient ranges through corre—
sponding values .of the ratios G/Go of the rocket’ airplene
makes unusual demands -on the designer arnd that this ratin
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aslde from-the praetical construction of a-.reliable rocket
motor ‘of—high -Jeit.walocity, 1is nt thp core-@f ~the. entire
rooket flight blen.-. . . -—-1-- g
- " . The l!lll wci;ht of the rocket propulnive uysten and
the very high: wing loading permitted by the high starting
 thrust open up new unforeseen possibilities. With ‘the
loading ratios G/G, = 0,30 at present attainable on con-
ventional airplanes the .range according to figure 24 would
be little more than 1000 kilometers (630 miles) horizontal
distance. " In order that the propeller—drivesncairplane at-—
tain the maximum non-stop ranges ratios of G/G, = 0.15
to 0.10 would be necessary which probably lie beyond the
structarally attainabdle limit. The attainment of a de—
slred range through extreme reduction in the weight when
empty, maximum poseible streamlining of the aircraft, and
maximum Jjet velocity of the motor will thus have to become
the most important task of the designer. But even with
the not too favorable assumptions thus far made with regard
to the rocket aircraft characteristice, 2 non—-stap range
of about 4000 to 5000 kilometers (2600 to 3100 miles) may
be confidently expected, which thus exceeds the flight
range of the majority of our known airplanes, particularly
the high—speed airplane.

The outstanding advantage of the rocket airplane
compared with the propeller—driven airplane lies in the
flight velocity. The maximum velocities themselves are
limited by the weight ratio G/G, and they in turn limit
the distance ranges according to figure 24, The maximum
flight velocity on a 5000-kilometer flight is, for example,
about 3700 meters per second or about 13,300 kilometers
per hour (8250 mph). This velocity is maintained, however,
-only for a short time at the end of the climb path. The
mean cruising velocity of the 5000-kilometer flight 1is
‘computed ‘from the time required for each branch of the
path and 1s found to be adout 1000 meters per second or
3600 kilometers ‘per hour (2240 mph). .For shorter flights
the average mean velocity, because of .the fixed, relatively
large subsonlc flight times is somewhat smaller and increases
considerably for longer flight ranges; - The rocket flight
paths here described .serve: mainly to solve.jhe transport
Problem -between various-pointn of the 'earth’ and-are. suit-
able for maximum possibYe ranges and :thus-haverfotiing io
do with the ceiling altitude attainable dy: rocket- ~aifplane’
flight. Only those.altittdes are flown: whibhvurnttequire&*
for a given flight .range. . This altitude -rangs- 1§l rather: -
narrow according to--figiures 23 and 24 and for 411 £1ight -~
distances that enter: into-consideration varlas between -40:*

8 and 60 kilometers.
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. The flight performance was discussed here preferadbly
in terms of the load ratio G/G of the aircraft, The
dependence on the Jjet velocity, drag/litt ratio, ete.,
can be determined readlily with the aid of the data given
and simllarly the very strong -dependerce of the reguired

" flight altitudes on the initial wing loading can be com—
puted.

In summarizing, it may be said that the rocket air—
craft Producible with the given technical means, under the
assumptions made, as compared with the conventional pro—
reller—driven airplane will possess. the advantages of
about 20 times the maximum and cruising velocity, 5 times
the celling altitude; ard predominantly non-stop flighta
between ppints. . .

3. ROCKET AIRCRAFT IN ACTIVE AIR DEFENSE

1. The Limits of Performance of Propeller—Driven Aircraft

For offense and defense the fighting quality of an
aircraft depends to the greatest extent on 1ts wvelocity
and its rate of olimb. ZEvery effort has been made toward
developing these two performance factors; although no
sweeping progress has been achleved since the last war.

" The explanation for this lies in certain mechanical rela—
tions inherent "in the conventidnal propeller—driven air—
craft. The maximum speeds have been attained on airplanes
built speoially for high speeds, values of 700 kilometers
per hour (435 mph) having already been obtained.

The gradual rise in maxinum -speed in the last decade
to the above value has been made possible through very
great lncrease in the engine performance and to some ex—
tent through aerodynamic refinement, The maximum speeds
of civil, sport, and military planes have always lagged
notably behind the speed records.

The slow, laborious manner by which higher speeds are’
attalned indicates the approach toward & limit of the at—
tainable flight speed, which.will hardly be above 1000
kilometers per hour (620 mph) with our present tyve engine-
rropeller drive. This.is first of all due to the fact that
the required engine power, and hence also the engine weight,
rapldly increases with the speed of flight; therefore the
velght of the engine soon constitutes the largest part of
the ovéer-all weight of the airplane. In the hardly
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attainabdles case' wvhere the entire power plant welghs only.
“'1/2~kirecgran per horsepower output at the propeller and
the air resistance is 1/3 the gross weight of the.airplane
there follows from the fundamental mechanical relations a
flight speed of at most 1600 kilometers per hour (1000 mph)
for the power plant itself. Since the airplane body itself
cannot, of course, be dispensed .with, the weight to dbe
dragged along by 1 hp is more than 1}2 kilogram — with the
present—day speediest -racing airplanes over 1 kilogram —
and hence the speed smaller than the -indicated value, in
the given case smaller than half of 1600 kilometexs per
hour. That it will st1ll be possible, however, to dbuild
considerably lighter airplane engines on present principles
is improbable after l4._yéara of intetrisive development..

It is not only the engine, dbut also the propeller,
vhich prevents the airplane speed from soaring to very
high values. Since the rotational speed of the propeller
tip must always be a multiple of the fIlight speed, for
example, 1000 kilometers per hour (620 mph), the propeller
tip velocities approach those of projectiles. F¥or such high
tip velovcities the propellers for aerodynamical reasons
operate at very low efficiency, thus dissipating the
useful engine power (also the stresses, particularly those
due to the centrifugal forces) increase so rapidly that
the structural material can no longer withstand them. In
addition to thessreasons, there are still others llke the
excessively high take—off and landing sveeds, the engine
cooling difficulties that increase with speed, etc., all
of which operate to limit the attainadle flight speeds. -

The second important requirement of.a military air-
Pplane is its ability to climb rapidly. Of greatest in—
terest here 1s obviously the time required by the airplane
to climb to a given altitude, for example, to 5000 or
10,000 meters. The above—-mentioned power plant weighing
1/2 kilogram per .horsepower output at the propeller
could, according to elementary mechanical principles,
climb ‘to 5000 meters in about 1/2 minute in extreme cases

-and agaln without airplane body or pilot or armament.

Since these things must be taken along and the given out-—
put Is by far not ‘soc 1deally converted, the .actual time

to climb is alvays consideradly greater than this theo—
retical limiting value. The smalleat actual times of..
fighter airplanes to climb to 5000 meters .are from b5.t%o

7 minutes. In this field, too, therefore remarkable further
Progress along the usual path is hardly attainable.

¥ith this state of affairs increased interest has
been developed in the rocket airplane, which does not
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suffer from any.of .the performance limitations mentioned
and should take over the-further developmbnt-of alreraft.

2. The Rocket Power Plant

The thrust—producing propeller slipatream is replaced
in the rdécket plane by a propulsive gas Jjet. Conslderable
progress has 1in recent times been made 1n the comnstruction
of rocket propulsion systems for airplanes. Although this
vork should serve primarily for the peaceful conquest of
the stratosphere the  possible military application should
not be overlooked. . ,

The problem of rocket flight at the present time is at
about the same stage of development as propeller flight
30 years ago and a similar military incentive for its- -devel-
.opment 1s probable. The reasons for thie will be indicated
in the following.

The high rate of energy conversiom in the rocket motor
makes possible naturally an aircraft with extremely high
flight performance while suffitlient time is avallabdle for
conducting & combat. of .a fighter plane or to 11ft a high—
altitude plane to the upper limit of the stratosphere and
accelerate to a velocity several times that of a projectile
so that i1t can continue its flight from the momentum ac—
quired with the engine power off,

The upper stratosphere is the element within whiech
the rocket airplane most sultably operates, where because
of the low air density the flight velocitles are of the
order of magnitude of the exhaust velocities of the engine
so that also for the rocket plane efficiency considera—
tions acquira reasonable importance. Moreover, in this
range of altitudes the non-dependence of the rocket mqtor
on the density of the external air can be fully utilized.

to the attainment of 4 certain maximum performance — and
thig 1s particularly he case with military weapons -
then the application of\rocket airplanes imn the tropo-
sphere and the lower stratosphere may also be considered.
This latter possibility of pplication leads to the rocket
fighter airplane.

If, however, thek:equirements of economy may yleld
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3. ﬂhoxnookot Fighter Ailrplane

It may be ansuned that ‘the. general &1sign is approex—
inately the same as the one sketched in-figure 28, whish
showe a single-seat; light; very fast:pursuit (or fighter)
airplane ‘for -the &sstructian :0f enemy air forces, particu—
larly for defense against bombs, with flight speeds up to
1000 kilometers per hour (620 mph) and a climb performance
of 4 minutes te 20 kilometers altitude, combat activity
being restricted to about 1/2 hour. At the end of this
time computed from the instant of ltartin;. a landing 1is
necessary for refueling., . . :

The fuselage 1s adapted to the aerodynamic ‘relations
for velocities that approach .the velecity of sound. ' The
nose is very slender and sharp—edge for the reductlon of
the form pressure drag. The.taill 1es simllarly slender to
reduce the possibilility of flow separation which 1s par-
ticularly .threatening at these -velocitlies’s, The wing pro-
file, too,  is sulted to the high subdbsonic veloclties,  The
wing area is obtained from the -unusually high wing loading,
especially in take—off. The resulting very high takelwoff
veloecity 18 not dangerous since the rocket metor (similar
to the turbine) is very capable of taking an excess load
and permits take—off thrusts of the magnitude of the take~
off weight. Through the high initlal acceleration the’
take—off run becomes wvery short anad take-off can be effect— Q
ed from a concrete strip 160 to 200 (miles)’long, that 1s, (M°+ev
practically from the take—off area:of. any airport. The
wind direction plays quite a small part; henceeven specilal
take—~off runways of concrete or similar material should
not be too expensive,. Landing after consumption of’ the

. fuel supply 1is posalble in the usual manner on overy flying

field since then the: ving loadlng acquireu normal valueé.

The pilot's- cabin must be airtight and contaln the
small number of required instruments. ‘Since: the rocket
fighter ailrplane is able-tq rise tn altitudes - of 20 kilo-
meters and mare and.in the case of a surprise attack on-
an enemy alrplane. below must fly through an altitude dif-
ference of ‘many kilomqters in a matter of !seconds, the,
elr pressure fluotuat&ons that arise must he kopt down by
the-pllot. . '

A machine gun mount is provided in the ndde‘dhead of
the pilot's c¢cabin, It 1 best to mount a multiple—dbarrel
machine gun with maximum firing rate, the. individual dar-
rels not running parallel, as is- usually the case’, .but .
somewhat divergent and dmmovadly -attached to the airplane,

.'\--
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The dispersion.éone during the few seconds. of fighting
covers a large area ahead of the nose with a thick hail
of effpctive projectiles-so that the probability of suc—
cess of an energetic attack at small distance 1s very
large. 4Ls 18 ebivous, the probability of successful de—
fense by the surprised slower opponent 1e considerably
smaller.

The very large tanks f-or accomodating the great .-
quantlities of fuel are arrarnged behind the pllet's cabdin.
The fact that the fuel consistes very largely of liguid
.oxygen offers no special difficulty since such large
quantities of liquild can be kept without any appreciadle
losses for the recuired short time intervale -in quite or-
dinary thin—-wall sheet metal -tanks. The tarnks must be
of sufficlient capaclty to réeceilve a weight of- fuel up to
80 percent .of .the total take-off welght -of the alrplanse.

The rocket prooulsion system le mounted at the tail.
A pecullarity of the fighter airplane le the gppolicabllity
of a Jet av»aratus .about which a few words remain to be
eaid. Every reactlion drive — including airplane as well
as shlp drive — operates most effectively at minimum slip,
that 1e, when the e jection velocity of the driving masses
and the velocity cf mation of the driven body are opnosite
and as nearly equal as possible.. ‘For pure rocket propul-
‘slon systemd the slip should theoretically even be zero,
.that 1g, both velocities of exactly equal magnitude in
order that the efficiency te a maximum.

Now the exhaust velocitles of a rocket motor are
about 10 :-times the magnitude of the velocities ‘that are
-* deslred of the fighter alirplane, There can thus dbe no

.question -of equality or even of similarity of the two
veloclities and hence of an efficient propulsion of the
alrplane. Thie unfavorable relation between the veloci~
tles affects the flight characteristice of the fighter
alrplane as far as the usual rocket motor consumes the
entire fuel supvly of the airplane within one-half hour,
for example, so that the airplane can be in actlive com—
bat for this time only; whereas a more economical engine
which for equal propulsive power has a smaller éjection
veloclty will be able to fight over a longer perilod with
the same fuel supply, for example, & whole hour, thus
doubling 1ts fighting capacity. - .

A simple means. for. improving the external efficlency
of the rocket motor in the alrplane consists '1n sucking
~alr from the surroundings wlith the aid of the propulsion
gases by injector action and ejecting it backward. In
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figure 26 the "jet apparitus réguired -for this. purpose ‘is
indicated. at the tall end 6f the fighter airpldané. ZEx-
tensive tests on the mode of operation of "suth  Jet ap—
paratus ha® been oonducted 1#-Frénce and tha United .
States (reference 11) ilthongh the fhitial-high oxpoo—
tations wefe not~ roalized.it appears that with its aid:
the indicated doubdling. of the flying time of the fighter
rocket airplane is entirely attainable. :

. A roature-to-bo noted ‘4s the small over-all dimensions
“ of 10 metérs spax and 1l0.meters fuselage length for which
such alrplaries .may be designed. The size of the single—
seat fighter thus coerresponds ta that of a small sport
airplane. .This condition, together with the offensive
method of fighting, is of great importance for practical
applicability. .

The unusually simpleé - dver—all censtruction involves
6nly very-small costs.. This and the crew of ohly -one
man make it possible for pursult asirvlenes of this type
to be easily produced in large numbers and for the lcss
of a aingla machine not to count very heavily.

The mode of operation of the singléa—seat rocket
fighter nay be assumed to be the féllowing:
The alrvnlane is fueled or refueldd from a movabdble
ground reservolr shortly before the intended flight to
avold rather.large lossees of liquild oxygen. Take—off is
effected from a very short but very good runway of at
“most 200 meters length, for example, a concrete strip, or
a good open street. The alrplane takes off as if shot
" from a bow and riseg after a very short run. After take—
off the airplane can easily rise -along a straight—line
path inclined 30°to 45° to the horizontal, the time to
‘climd to 10 kilometers altitude taking about 2 minutes and
to 20 kilometern altitude about 4 minutes.

The maximusd velocitfes are attained at the very high
flight'altittides where the air 1s at low density. ‘In this
respect there is a fundamental difference as compared with
the nropeller—driven airplane, 1n wvhich case the low-donsity
air sharply reduces the ongine pover.

By operating at full throttle tho maximum volooities
can -be obtailned also at the lower .altitudes and particu-—
larly after full climb, so that the attack can occur at
a 45° angle. This circumstance makes 1t possible for the
fighter ‘alrplane to await the approach of the snemy on
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-the ground and qgter nighting to make a lurprise attack
from bslow.

with its. pmall over-all dimensions and its flight
velocity of the order- -of medium projectile velocities the
fighter plane as 1%t flles past is no longer visibdle to’
the human eye. Recognition of an approaching airplane at
distances greater than about 1 kilometer will only accil-
dentally be possible slnce the speed of the airplane 1s
equal to that of 1ts nolse. The 'distance of 1 kilometer
within which 1t may with probabiiity be observed is passed
over in three, seconds during an attack, A duccessful de—
fense from the object abtacked -within the three ssconds
available 1s possible. only in 1uolated cases, espetially
eince the attack can be made frem almost gny directien in
space. A defense from pointe which do not lie in the di-
rection of the flight path is imposeible since the air-
plane 1s not clearly recognigable from -these points and has
almost the velocity .of the projectile fired on it. For
this reason , tno, the side firing against the vulnerable
tenks 1s not possidle. |

This mode of combat uyndoubhtedly makee unnsual demands
upon the skill of the pilot especially ag at maximum ve-—
-locity only a emall deviation from the given flight direc-—
tion 1s possidle. PFor a radius of curvature of 1 kilome-—
ter, for example, acceleration forces 10 times the force
of gravity arise. On the other hand, the flight speed,
particularly after partial utilizatlon of the fuel can be
reduced to a fraction of the maximum veloclty. A sgerious
combat between rocket airplanes in the air 1ie hardly pos-—
sible. According to the requirements of the engine the
fighter airplane provided with ajet apparatus can maintain
itself in this way in the air from 1/2 to 1 heour and must
then land for refusling. The action radius correspondingly
amounte to several hundreds of kilométera.‘

asfter a period of development rocket air plane for
defense agzalnst bombere, observation, combat alrplanes,
and airships, and so forth, will undoubtedly be of supe—
rior advantage to all weapons at present employed, They
will also become the only weapon for defense agalnst
propeller—driven bombers which, flylng the lower strato—
sphere, attaln considerable velocities and extremely large
ranges and will be proof against every defense from the
ground or against simllar aircraft as a reault of theilr
flight altitude.
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- . ! 4, The Rocket Bomber ;

The rocket ai?ilane finds ‘its natpral application -to
the upper stratosphere. It takes off from the ground in
the manner described above, climbse at full power to a- 40—
to 50-kilometer altitude at first along a 30° inclindd
path which later“flattens out, reaching final velocities

" of the "order of magnitude of the exhaust veloeity. In-.

thie case therefore the Jet apparatis ies not applied. The
time required for this climb 1s 15 to 20 minutes, in which
time the total fuel supplies on board are consumed. After
the peak of ite path 1is .reached, the rocket motor is .stopped
and the aireraft continues its flight as a kind of glide,
utilizing 1te reserve of kinetic snd potential energy.
Thies type of motlon is not unlike that of a long-range
vrojectile wvhich equally describes a gliding path Trom a
similar altitude. In the case of the rocket airplane this
poselbllity of gliding 1as considerably increased by the
wings 8o that the downward path extends over many thou-—

‘sands of kilometers, the velocity steadily decreasing from

the extremely high initial values down to the normal land-
1ng velocity as the density dncreases in the lower air
layers. During this time the entire descent path 1is up

to a certaln degree controllable by the pilot. Such
flights as these should serve to establish rapid communl-—
cation over the oceans.

rigure 12 showe the external shape-assumed by rocket
alrplanes of this kind to sult the extraordinerily large
flight velocitlies and the corresponding aerodynamic rela-—
tions. The use or rather the abuse of this type of rocket
airplane for bombing:purposes is evident, The bombing
flight may be consldered to be carried out as follows?
The rocket airplane takes off and climbs as for long-—range
flight to altitudes over 40 kilometers and velocities
several times that of sound in the direction of the gronnd
obJject to be attacked., ALt a precomputed instant the
sultably shaped torpedo bomdbs are released frem the alr-—
craft and the latter returns over a very wide arc to the
starting polnt-while the torpedoes mailntain the origlnal
flight direction and approach the ebject 1n the shape of
a downwvard—-sloping branch of a ballistics curve. The

.distance between the starting place and the target may"
‘ameunt to several thousand kilometers; the bombs are re-—

leased shortly ahead of the target so that the chances of
8 direct hit through suitable precautions may be far
greater than those of a long-range gun, This mode of acom—
bat 1s completely independent of weather conditions and
time of day at the target because of the possibllity of
astronomical orientation in the stratosphers,
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The costs of one bombing flight cédn in no way be com—
pared with .those of a long rdange projectile. There 1is no
risk at all for the aircraft since by 1ts height and spped
it 4s completely outside the range’ of any hunén counter
measures. . .

Again. the rocket airplanp ‘thr ough this transition
phpga between the purely aeronautical and dballisticsfields
appears to be preeminently suiltables to contlnue from where
the usual long range projectile has reached the limit of
its performance in guite the same manner as 1t serves to
further the development of the conventional airplane. In
general, rocket flight in very -many respects may be con—
sidered as intermediate between pure flight technigque and
ballistics since both fielde of knowledge are drawn from
equally and by combining them a stimulus 1s provided for
greatly increased performance.

It 18 not intended with the above remarks to imply
that the object of rocket flight technique 1s the creation
of new and terrible war weapons. The actual danger of
such should not, however. be dismissed. With rocket air-
Planes the fastest possible communication between. nations
will be established. If the rocket alrplane provides a
people with a means for defense of its territory agalnst
attacks of its neighbors 1t will similarly be wélcome,

But 1t will aleo servé 1its purpose Iif in its mest freght—
ful apolication 1t helps to establish the dowiright con—
viction that a war with new technical means knovs only .of

.'conquered neoplet.

Translation by S. Reiss,
National Advisory Committee
for'Lefonautics.-
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Figure 1.- Engine-propeller propulsion system.
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Figure 35.- Arrangement of a rocket single-seat fighter.
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Figure 3.- Rocket propulsion systen.
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Figure 4.- Propulsion gas pressure at the alrplans.
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Figure 5.- The rate of change of the momentum is equal to
' the pressure acting on the bounded mass of the

> propulsion gases.
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Fgure 1ll.~ Endurence curve for brake tests with nine different
model rocket motors.



Figure 7.- Instrument room of the test Figure 8.- Brake stand for rocket:flight
stand for the rocket flight enggie-. . gn

engines.
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Figure 9.~ Introduction of the liquid oxy- Figure 10.- Model of a rocket motor in
gen by means of a high pressure operation with 30 kg thrust.

tank.(left, tank with gaseous oxygen under _

150 at. pressure; liquid oxygen pipe;right,

liquid ongen burning with atomized gas oil

at the brake stand.
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Figure 13.- External appearance of a .
rocket airplane.
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Figure 13.- External appearance of a
) rocket airplane. -

Figure 14.- Bketch of the rocket air-
plane for the computation
of the alr forces.
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Flgure 15.~ The air forces on the rocket airplane.
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Flgure 16.- Lift coefficlents according to Ackeret—Busemann
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Figure 17.- The
external forces
-on-the rooket
airplane
during a

climb path
with subaonio
veloolity.

Figure 19.- The
external forcea [\
on the rocket
airplane
during a
practically
sulitable
supersonlo
climb path.

Climbing = === e " =y

Figure 31.- The
oot external forces
on the rooket
‘airplane - --
during the
descent path




- —— 1

NACA Technical Memorandum No. 1012

w/e - m/e2
7 500 2.0 %0
_ j: 4& m 1.8 "'9
A 00 80 1.6 7
~ 3& 70 1.4 : 7
A7 300 €0 1.2 &
50 1.0 -5
|__pls 1 [ 1200 20 .8 4
4150 30 .6 3
5 mpect b} 'S0 10 T3 1
1 b 4 9
B350 Bt dooley UrF/ G av/dt

Figure 18.- Dependence of the flight velocity ¥, o?c'the rocket thrust
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